Engineered iron nanoparticles, with sizes smaller than 100 nm, have been of high concern because of their promising capability in environmental remediation. Nanoparticles based on zero-valent iron (nZVI) have the potential not only to migrate in the environment and interact with pollutants but also influence the living organisms by direct impact or by changes of groundwater parameters. The basis of many food chains is dependent on the benthic and soil flora and fauna. In general, nZVI can significantly influence the soil microbial diversity, interact with ions in the soil, form non-toxic complex salts and/or be adsorbed. Moreover, nanoparticles could have indirect effect on microorganisms via changes in bioavailability of essential compounds. Iron can convert less reactive hydrogen peroxide to more reactive oxygen species (ROS) via the Fenton reaction. ROS that includes superoxide radicals or hydrogen peroxide are also generated as a by-product of aerobic metabolism, because aerobic organisms use oxygen as a terminal electron acceptor when producing energy. Mitochondrial electron transport reduces 95% of O 2 to water, but the remaining 5% of O 2 is reduced to superoxide radical. Unnaturally elevated concentrations of ROS in microbial cell can result in a situation known as the oxidative stress. Production of ROS constitutes a severe risk to photosynthetic organisms such as cyanobacteria and algae, because a common source of superoxide radicals is photosynthesis. Mitochondria and chloroplasts have intensive electron fluxes which also contain higher oxygen and metal ion concentrations and therefore both organelles are more vulnerable to oxidative stress.
Introduction
Engineered iron nanoparticles, with sizes smaller than 100 nm, have been of high concern because of their promising capability in environmental remediation of waters, soils and sediments [1] [2] [3] . It is well known that nanoiron has the potential to migrate in the environment and interact not only with pollutant chemicals but also with living organisms [4] . The basis of many food chains is dependent on the benthic and soil flora and fauna, which could be affected. On the other hand, Shah and Belozerova [5] did not found significant influence of various nanoparticles on soil microbial diversity over a 15-day exposition. However, the nanoparticles probably interacted with ions in the soil and formed non-toxic complexed salts or were adsorbed on the organic compounds [6] . Still, this study showed slight diversity in particular parameters within differently treated soil samples that might cause long term trends [5] . Moreover, nanoparticles could have indirect effect on microorganisms via changes in bioavailability of toxic or essential compounds [7] .
Iron in its reduced form can convert less reactive hydrogen peroxide to more reactive oxygen species (ROS) -hydroxyl radicals and ferryl iron via the Fenton reaction [8] . ROS that includes superoxide radicals or hydrogen peroxide are also generated as a by-product of aerobic metabolism, because aerobic organisms use oxygen as a terminal electron acceptor when producing energy. Mitochondrial electron transport reduces 95% of O 2 to water, but the remaining 5% of O 2 is reduced to superoxide radical [9, 10] . Superoxide radicals are normally eliminated by dismutation to hydrogen peroxide which is further reduced to water [9] . However, unnaturally elevated concentrations of ROS in microbial cell can result in a situation known as oxidative stress [11, 12] .
Cells under severe oxidative stress show various dysfunctions of membrane lipids, proteins and DNA [3, 11] . Dealing with oxidative stress, microorganisms have to promptly response with production of repair enzymes and antioxidants. Further, strict regulation of iron assimilation prevents an excess of free intracellular iron that could lead to oxidative stress [13] . This paper focuses on up-to-date studies on iron-induced intracellular changes leading to oxidative stress in microorganisms. Because of very scarce information on nZVI effect on microorganisms, studies on other organisms and cell cultures are briefly mentioned in this review.
Zero-valent iron nanoparticles

Nanoiron production and its basic reactions in water
The zero-valent nanoiron is produced in a wet process by a reduction of solutions of ferric or ferrous salts with sodium borohydride or in a dry process by a reduction of ferric salts by hydrogen at higher temperature. Nanoiron is very reactive in water and is a typical electron-donator for which is widely used in pollutant decontamination. In comparison with microscale iron, nanoiron is smaller than 100 nm and has large specific surface area and therefore higher reactivity [2, 12] . For example, the rate of reduction of toxic hexavalent chromium using nanoiron is 7-12 times faster than using an equivalent amount of iron powder [14] .
Manufactured iron particles have a core-shell structure. The core consists of zero-valent or metallic iron while the Fe 2+ and Fe 3+ oxide shell is formed as a result of oxidation of the metallic iron and protect the core iron from rapid oxidation [2] . Moreover, lately, nZVI has been amended with various compounds to improve its mobility and reactivity under different environmental conditions. Nanoiron surface has been coated by polymers, polyelectrolytes, surfactants or the nanoparticles can be bimetallic [15] [16] [17] .
Generally, iron nanoparticles are very reactive species and their surface properties change rapidly over time and environmental conditions. Following reactions describing speciation of surface oxides and hydroxides of nanoiron particles are biologically important [2] : 
Fe(OH) 3 can also dehydrate to form FeOOH:
Nanoiron also corrodes in presence of oxygen and water (Reaction 1 and 2), which leads to a pH increase.
Environmental risk
Nanoiron has been increasingly applied for remediation of polychlorinated biphenyls, organochlorine pesticides or heavy metals such as chromium or arsenic [2, 14, 18, 19] .
Unique nanoparticle properties, such as high specific surface area, redox activity and mobility, could potentially lead to unexpected environmental risk 3, [20] [21] [22] [. First, nanoparticles might cause physical restrains to microorganisms. Cell-adsorbed nanoparticles could increase cellular weight and reduce mobility or, in algae and cyanobacteria, could reduce light available for photosynthesis [23] . Second, up-taken nanoparticles may catalyze specific intracellular reactions and harm cell metabolism. While common toxins show dose and mass-dependent effect on microorganism, a redox active nanoparticle may repeat its catalytic activity over and over again [6] .
On the other hand, iron belongs to essential nutritious elements in most organisms and is usually not directly bioavailable. Thus, microorganisms developed several strategies involving solubilization of Fe 3+ by extracellular acidification or the release of iron-chelating compounds followed by active uptake of Fe 2+ or Fe 3+ -chelates across plasma membrane by endocytosis. Such mechanisms could enable the nanoiron to enter the living cells.
Several field studies on nanoiron suggest that its application could be beneficial for anaerobic microorganisms [24, 25] . The authors hypothesized that potential decrease, slight pH increase and production of hydrogen gas and also iron ion at the remediation site should favour the growth of microorganisms, which could accelerate biodegradation. Contrary, zero-valent nanoiron corrodes in the presence of oxygen or water to Fe 2+ , which could produce hydroxyl radicals via Fenton reaction (see part 3.1) and harm cellular DNA, proteins and lipids. The excess of intracellular iron could cause membrane depolarization and acidification of cytoplasm leading to disruption of homeostasis [26] . In addition, iron oxide particles strongly bind trace metals [27] and can increase toxicity or bioaccumulation of other contaminants. Thus, there is a large discussion on nanoparticle fate in the natural environment.
Iron-induced oxidative stress in prokaryotic and eukaryotic microorganisms
The oxidative stress is a situation caused by high intracellular concentrations of reactive oxygen species (ROS) which is microbial cell unable to deal with [11, 28] . ROS includes extremely unstable superoxide radicals, hydroxyl radicals and freely diffusible and relatively long-lived hydrogen peroxide that all can be generated exogenously or intracellularly from various sources. For example, ROS are normally produced during both prokaryotic and eukaryotic metabolism in mitochondria, chloroplasts, peroxisomes or in cytosol mainly as a by-product of aerobic respiration [29] . Presence of iron significantly influences the ROS level. When nanoiron oxides (Fe 2 O 3 ) were added to a cell culture, ROS levels increased 50 times comparing to control without nanoiron addition [30] . Interestingly, nanoiron (Fe 2 O 3 ) and soluble Fe salt (FeCl 3 ) caused similar level of oxidative injury to mussel gills, which could imply that nanoparticles have not special impact on this organism comparing to microscale iron [31] .
Cells under severe oxidative stress, i.e. exposed to high ROS concentrations, show various dysfunctions of membrane lipids, proteins and DNA [3, 11] . Moreover, enhanced ROS generation in mitochondria can initiate mechanism described as ROS-induced ROS-release which triggers the opening of mitochondrial channels and leads to collapse of the mitochondrial membrane potential and a temporary increased ROS generation by the electron transfer chain leading to severe cell damage or death [32] . Thus, aerobic organisms developed complex defense and repair system [9, 10] . In addition, some microorganisms have strict regulation of iron assimilation to prevent an excess of free intracellular iron [13] .
Fenton reaction leading to oxidative stress
Zero-valent nanoiron could react with either water or oxygen to produce ferrous or ferric iron (Reaction 1 and 2) . Both redox reactions occur in the location where the nanoiron is applied or directly in the microorganism. The latter situation is possible because nanoiron is able to disrupt the lipopolysaccharides and proteins in outer cell membrane and enter the cell [33] . Alternatively, iron oxides on the shell of nZVI might enable endocytosis, when the pH is above isoelectric point and the shell is negatively charged. Iron oxide nanoparticles can also directly diffuse through the cell membrane [34] .
Redox-active iron, originated from nanoiron materials, may in the cells enhance generation of more reactive hydroxyl radicals from less reactive hydrogen peroxide via the Fenton chemistry (Reaction 7; [8] 
Ferrous iron could be oxidized to ferric iron and be then available to react with superoxide radical and start the reaction again:
Ferric iron could also react with peroxide radicals to form superoxide radical:
Furthermore, when H 2 O 2 is in excess, the Fe 2+ generated with the Reaction 10 can enter the Fenton reaction (Reaction 7) and produce more ROS.
Oxidative stress in bacteria
Oxidative stress in bacteria caused by ROS has been studied extensively over past decades [35] . However, very limited number of studies has been focused on nanoparticles and their role in ROS generation in bacteria.
Recently, Auffan et al. [36] examined the effect of 1-hour presence of nanoparticulate Fe 2 O 3 , Fe 3 O 4 and nZVI on a wild type and a mutant bacterium Escherichia coli. The transmission electron microscopy analysis showed morphological changes of bacterial cells and also changes of nZVI shape. The iron nanoparticles were adsorbed on the cell surface, but did not enter the cells of E. coli. The authors suggest that the nanoparticles might cause oxidative stress via ROS generation and Fenton reaction as demonstrated using a mutant strain of E. coli without protective SOD enzymes. Further, the oxidative stress in E. coli can result from ROS the disturbance of the electronic and/or ionic transport chains due to the strong affinity of the nanoparticles for the cell membrane [36] .
Similar results of nZVI toxicity on E. coli described Lee et al. [33] . The highest toxicity of nZVI was found in anaerobic condition, while in presence of oxygen, nZVI showed lower toxicity. Significant E. coli inactivation was detected in concentrations of nZVI above 60 and 70 mg L -1 in deaerated and aerated conditions, respectively. Under aerated conditions, nZVI oxidize and precipitate on the reactive surface of nZVI which might cause reduced reactivity and, thus toxicity. In anaerobic conditions, Fe 2+ nanoparticles can contribute to ROS production, because Fe 2+ is not rapidly oxidized to Fe 3+ . Fe 2 O 3 nanoparticles were not toxic for E. coli in concentration of 9 mg L -1 and microscale ZVI was not toxic in concentration as high as 1g L -1 . The cell membrane was visibly disrupted by nZVI. Iron, as a strong reductant, might induce decomposition of functional groups in the membrane proteins and lipopolysaccharides, or nZVI could be oxidized by intracellular oxygen, leading to oxidative damages via the Fenton reaction. Most probably, more nZVI penetrated into the cells through the disrupted membranes causing further physical damages [33] .
Bacillus subtilis use nitric oxide for protection against oxidative stress [37] . Nitric oxide can suppress the Fenton reaction by inhibiting cysteine reduction of ferric iron. Cysteine is the main reducing agent that drives the Fenton reaction in E. coli [38] as well as in B. subtilis. Moreover, nitric oxide boosts the activity of catalase which is an iron-heme enzyme involved in H 2 O 2 scavenging. Nitric oxide thus helps to keep redox homeostasis and protect the cell during rapid metabolic changes. To date, bacterial nitric oxide synthases have been found only in Gram-positive bacteria [37] .
Oxidative stress in cyanobacteria
Production of ROS constitutes a severe risk to photosynthetic organisms such as cyanobacteria and algae, because a common source of superoxide radicals is photosynthesis [26] . Mitochondria and chloroplasts have intensive electron fluxes which also contain higher oxygen and metal ion concentrations and therefore both organelles are more vulnerable to oxidative stress. Interestingly, cyanobacteria have different redox regulation system comparing to higher plants; for instance, most of cyanobacteria have catalatic activity, while mitochondria do not.
Oxidative stress in cyanobacteria is usually caused by irradiation [39] . Actually, there is no information on directly iron-induced oxidative stress in cyanobacteria. Because iron is rather scarce in water environment, its investigation has been mainly focused on iron limitation and acquisition by cyanobacteria. For example, nitrogen-fixing cyanobacteria require extensive amounts of iron. Iron could be sequestered from ambient environment by lowmolecular weight chelating compounds, siderophores, which transport iron into PII-102 Brownfields V www.witpress.com, ISSN 1743-3541 (on-line) the cell [39] . The iron-siderophore complex contains Fe 3+ form and serves as internal iron pool.
Oxidative stress in algae
The direct effect of nanoiron particulates on microscopic algae has not been studied yet. In a rare situation when dissolved iron is in excess, it might induce oxidative stress which affect algal growth and have negative impact for natural phytoplankton. Estevez et al. [40] studied the effect of surplus redox-active iron in oxidative stress of Chlorella vulgaris. When culture medium was supplemented with 500 µM of iron, the cells shoved elevated number of membrane lipid peroxidation and other oxidative stress signs. In addition, morphology of C. vulgaris was affected, probably due to harmful effect on photosynthesis due to elevated ROS. On the other hand, C. vulgaris culture was able to adapt to mild oxidative stress by production of antioxidants, particularly α-tocopherol, ascorbate and thiols [40] . Similarly, freshwater unicellular alga Euglena gracilis was able to respond to increasing FeSO 4 loading with increasing total antioxidant activity that scavenged most of generated hydroxyl radicals.
Short-term exposition of green unicellular alga Chlamydomonas reinhardtii to selected metals caused elevated ROS production [41] . Iron was added at several environmentally relevant concentrations that did not directly affect photosynthesis in C. reinhardtii. Notably, iron induced maximal ROS production within redox-active metals (the final hierarchy was as follows: Fe 3+ > Ag + > Cu 2+ > Cr 6+ ). Increasing ROS concentration in unicellular alga Emiliana huxley caused by viral infection started programmed cell death [42] . However, a certain threshold value of ROS has to be passed before the process leading to cell death begins. Up to this threshold value, E. huxley employed successfully cell-defense system.
Summary
Although it was proved that nanoiron has the potential to create oxidative stress in microorganisms, there are currently no scenarios which would indicate that this effect will become a significant problem. Here should be pointed out that a typical study of nanoiron effect on various organisms lasts from several hours to few days, while long term approach is needed. The ROS generation can be the result of exposure of reduced iron particles to a cell or a catalytic process which generates ROS until the nanoparticles are degraded. Such processes might not be fully recognized in short term experiments. Moreover, results might vary with different nanoparticle size. Nanoparticles smaller than 30 nm have exponentially more number of atoms on their surface than larger nanoparticles and thus show different physico-chemical properties.
The ROS generation and oxidative stress was not particularly examined in all studied species and cell cultures; still, oxidative damage was found in E. coli and Mytilus cells. The toxic response was uneasy to compare, because physico-chemical parameters varied in each of tested organisms or cell cultures. Under air saturation, nZVI was oxidized by oxygen and caused less harm comparing to non-aerated culture. In some experiments, nanoiron caused only slightly lowered cell viability (about 20%). The evaluation and comparison of toxic responses would help normalizing it with uptake of nanoparticles and their state of agglomeration.
Here, it should be highlighted that none of the above studies on nanoiron was performed at in situ conditions. All experiments were carried out in cell cultures in a laboratory. Therefore, we have only limited indicia about the real effect of nanoiron in natural soil or water environment. The nanoiron potential to generate ROS and oxidative stress depends on nanoiron coatings, mobility, size, aggregation, physico-chemical parameters which is influenced by many factors, e.g. organic matter in the environment. For example, natural organic matter improved the mobility of nZVI in a sand medium due to sorption of the organic matter on the nZVI, resulting in reduced sticking coefficient. The nanoiron coating, besides mobility improving, might weaken or even stop its toxic effect as was showed.
To conclude, much more studies are needed on exposition of nanoiron leading to oxidative stress in soil and freshwater microorganisms. It is evident that research to date only little uncovered what might be the nanoiron fate in natural environment.
